Introduction
============

Cancer is a class of disease characterized by out-of-control cell growth. There are over 100 different types of cancer, and each is classified by the type of cell that is initially affected. Although the clinical treatment for cancer has made considerable progress with improvement of surgical technique, wide application of new technology, and clinical development of new drugs, cancer remains a complicated medical problem that cannot yet be overcome and which threatens human health and lives.[@b1-ijn-9-2149] Conventional treatments of cancer generally include surgical resection, radiotherapy, and chemotherapy. Though surgical resection is helpful for removing the visible tumor tissue, it is not suitable for dealing with some symptoms, such as invisible tumor, blood tumor which invaded through blood or lymph node, and terminal cancer. Radiotherapy only works in treating a number of cancer types if they are localized to one small area of the body. In addition, it may also be used as part of adjuvant therapy to prevent tumor recurrence after removing a primary malignant tumor surgically. Moreover, radiotherapy also leads to a series of serious complications, mainly including tissue damage near the area to being irradiated, fatigue, adverse consequences of skin inflammation, hair loss, and gastrointestinal reactions.[@b2-ijn-9-2149]--[@b4-ijn-9-2149] Although chemotherapeutic drugs are effective at killing tumor cells, there are some drawbacks, including nonselective distribution, drug toxicity, and unexpected side effects to normal tissues, which limit their clinical usage.[@b5-ijn-9-2149],[@b6-ijn-9-2149] Generally, it is difficult to achieve satisfactory therapeutic effects in cancer treatment with conventional treatment methods, thus it is urgent that a more active and effective way to fight against cancer is found.

In nanotechnology, a particle covers a range between 1 and 500 nm in size and usually demonstrates good transportation and special biological properties. With the rapid development of techniques for nanoparticle (NP) preparation, NPs as a key tool in targeted cancer treatment have been widely investigated. In view of their shape and size, NPs can be easily aggregated and accumulated inside tumor tissues for a long time, known as the enhanced permeability and retention effect, due to the abnormality of newly formed tumor vessels in form and architecture.[@b7-ijn-9-2149] At the same time, the bioavailability in vivo is increased by encapsulating poorly soluble drugs inside NPs. In particular, the release of drugs could be controlled depending on slow diffusion or the degradation of biomaterials, and half-life of drugs could be prolonged.[@b8-ijn-9-2149]--[@b11-ijn-9-2149] However, NPs have some deficiencies that limit their application. Before reaching the target site, NPs are easily phagocytized by the reticuloendothelial system and accumulated in reticuloendothelial system-rich non-targeted organs such as liver and spleen, leading to serious side effects and lower drug concentration in the diseased organs.[@b12-ijn-9-2149]--[@b14-ijn-9-2149] Therefore, it is necessary to conjugate specific targeting molecules (specific of ligands, such as monoclonal antibodies) at the surface of NPs to achieve active targeting therapy by binding with specific cell surface molecules. Commonly used ligands include specific surfactant agents, folate, transferrin proteins, and polypeptides.[@b15-ijn-9-2149]--[@b19-ijn-9-2149]

Lipid rafts, mainly consisting of cholesterol and GM1, which disperse in the cell membrane and show lateral drift, are conducive to the interaction between proteins and conformational changes and participate in signal transduction, material transport, and other physiological functions.[@b20-ijn-9-2149],[@b21-ijn-9-2149] It has been demonstrated that, when cholera toxin B subunit (CTB) as a marker specifically bound to ganglioside GM1 in lipid rafts, both in malignant tumor cell and normal cells, more CTB--GM1 membrane complexes were invaginated and they were further transported toward the endoplasmic reticulum and caused the death of cells by reorganization of the actin cytoskeleton.[@b22-ijn-9-2149] It has also been suggested that the amounts of GM1 in the membrane of cancer cells are greater than normal cells, therefore specific raft GM1-binding toxins like CTB could be a novel therapeutic anticancer ligand that targets the organization of lipid rafts.[@b23-ijn-9-2149]--[@b26-ijn-9-2149]

Heat-labile enterotoxin subunit B (LTB) is a non-catalytic protein from a pentameric subunit of *Escherichia coli*.[@b27-ijn-9-2149]--[@b29-ijn-9-2149] Like CTB, LTB binds specifically to the branched pentasaccharide moiety of lipid-ordered domain resident entity (ganglioside GM1) on the surface of targeting cells.[@b30-ijn-9-2149]--[@b33-ijn-9-2149] On the basis of the good compatibility of bovine serum albumin (BSA) with tumor tissue and tumor-targeting specificity of LTB, we designed a novel NP composed of BSA and LTB for targeted delivery of 5-fluorouracil (5-FU) to tumor cells. Systematic cellular studies and in vitro fluorescence imaging observations were performed to confirm the tumor-targeting ability of BSA-LTB NPs.

Materials and methods
=====================

Materials
---------

BSA and fluorescein isothiocyanate (FITC) were purchased from Sigma-Aldrich (St Louis, MO, USA), LTB was a gift from National Vaccine and Serum Institute (Beijing, People's Republic of China), 5-FU was purchased from Nantong Jinghua Pharmaceutical Co, Ltd (Nantong, People's Republic of China). Other chemicals purchased were of analytical grade and were obtained from Sigma-Aldrich.

Preparation of BSA-LTB NPs
--------------------------

Ten milligrams BSA and 1 mg LTB were dissolved in 0.5 mL acetic acid (0.5%, v/v) to achieve a homogeneous protein solution. BSA-LTB NPs were prepared by quickly dropping 1.0 mL of anhydrous alcohol into 0.5 mL of protein solution at 37°C until opalescence phenomenon appeared. To prepare 5-FU loaded NPs, 1 mg of 5-FU was added into protein solution to obtain drug-loaded NPs prior to the addition of anhydrous alcohol. Ethanol was removed by rotary evaporation. Then, 8% glutaraldehyde in water (0.5 μL per mg of BSA and LTB) was added to induce particle crosslinking. The crosslinking process was performed under stirring of the suspension over a time period of 24 hours. NPs were precipitated and separated from the system by centrifugation (16,000 rpm, 20 minutes), rinsed thoroughly with deionized water, and freeze-dried for further analysis.

Characterization of BSA-LTB NPs
-------------------------------

The hydrodynamic diameter, polydispersity, and zeta potential of 5-FU-loaded BSA-LTB NPs were determined by dynamic light scattering using a Brookhaven Zetasizer (Brookhaven Instruments Corporation, Holtsville, NY, USA). Morphology of BSA-LTB NPs was observed using a transmission electron microscope (JEM-1200EX; JEOL, Tokyo, Japan).

Identification of LTB with immunofluorescence
---------------------------------------------

BSA NPs blended or unblended with LTB were extensively washed and incubated with anti-LTB (rabbit source, Santa Cruz Biotechnology, Inc., Dallas, TX, USA) for 1 hour. These NPs were washed three times to preclude the unbound antibody and then incubated with the corresponding FITC-conjugated secondary antibody for 30 minutes. The NPs were collected by centrifuging at 12,000 rpm for 10 minutes, dropped on slides, and observed under a fluorescent microscope (DMI4000B; Leica Microsystems, Wetzlar, Germany). As shown in [Figure 2](#f2-ijn-9-2149){ref-type="fig"}, obvious green fluorescence was observed in BSA-LTB NPs, while no obvious fluorescence was observed in BSA NPs. These data indicate that LTB was successfully blended with BSA and formed NP matrix.

5-FU release from BSA-LTB NPs
-----------------------------

The prepared drug-loaded NPs without dialysis were centrifuged at 15,000 rpm for 15 minutes. The supernatant was collected and filtered through a 0.45 μm Millipore filter (EMD Millipore, Billerica, MA, USA) and the absorbance of the filtrate at 256 nm was determined using an ultraviolet-visible spectrophotometer (model 1601; Shimadzu, Kyoto, Japan). Encapsulation efficiency (*EE*%) was calculated using the equation below:
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where *W~total~* is the amount of initial added drug and *W~free~* is the amount of drug that remained in the supernatant.

The appropriate amount of freeze-dried 5-FU-loaded BSA-LTB NPs encapsulated in a dialysis bag (molecular weight \[Mw\] 3,000--4,000) was immersed in 50 mL of phosphate-buffered saline (PBS) and shaken constantly at 100 rpm at 37°C. At specified time points (0, 0.5, 1, 2, 4, 6, 8, 12, 24, and 48 hours), 5 mL of solution outside the dialysis bag was collected for ultraviolet-visible spectrophotometer analysis and replaced with the same volume of PBS. The cumulative amount of released 5-FU was calculated and the accumulative percentage of drug was plotted against time.

Cell culture
------------

Human hepatocellular carcinoma cell lines SMMC-7721 were purchased from the Institute of Biochemistry and Cell Biology of Chinese Academy of Sciences (Shanghai, People's Republic of China) and cultured in Dulbecco's Modified Eagle's Medium (HyClone™; Thermo Fisher Scientific, Waltham, MA, USA) containing 10% fetal bovine serum (HyClone) and penicillin/streptomycin (100 units/mL and 100 μg/mL, respectively) (Gibco^®^; Life Technologies/Invitrogen, Carlsbad, CA, USA). All cells were maintained at 37°C in a humidified atmosphere of 5% CO~2~, 95% air.

In vitro cellular uptake
------------------------

The cellular uptake of FITC-labeled NPs (FITC-BSA NPs and FITC-BSA-LTB NPs) was observed by inverted fluorescent microscopy (LSM510; Carl Zeiss Meditec AG, Jena, Germany) and quantified by microplate reader (Synery-2; BioTek, Winooski, VT, USA). Briefly, confluent SMMC-7721 cells were harvested and suspended in serum-free medium at a density of 5×10^4^/mL. The cells were dispensed into a 96-well microplate and incubated with FITC-labeled NPs. After 6 hours, cells were washed three times to remove the free NPs. The internalization of FITC-labeled NPs into cells was observed using fluorescent microscopy and the intensity of fluorescence in cells was quantified using a microplate reader. The fluorescence from FITC is excited at 485 nm and emitted at 528 nm. The cellular uptake ability for FITC-BSA NPs was analyzed at the same time as controls.

In vitro cell viability assay
-----------------------------

A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was performed to investigate cell viability status. SMMC-7721 cells at a density of 5×10^4^/mL were seeded into the 96-well plate (100 μL each well) and incubated for 24 hours at 37°C under 5% CO~2~ and 95% O~2~. The medium was replaced by serum-free medium in the presence of either free 5-FU, 5-FU-loaded BSA NPs, or 5-FU-loaded BSA-LTB NPs, and incubated for 72 hours. The medium was subsequently discarded and replaced with 200 μL of serum-free medium containing MTT (0.2 mg/mL; Sigma-Aldrich) and incubated for 6 hours at 37°C at 5% CO~2~ and 95% O~2~. Then, the supernatant was aspirated, 150 μL of dimethyl sulfoxide was added to each well, and the absorbance was measured at 490 nm.

Cell apoptosis study
--------------------

SMMC-7721 cells were incubated with either free 5-FU, 5-FU-loaded BSA NPs, or 5-FU-loaded BSA-LTB NPs for 48 hours. After treatment, cells were collected and suspended in Nicoletti buffer (Beijing 4A Biotech Co., Ltd. Beijing, People's Republic of China) containing propidium iodide (PI) and FITC-labeled Annexin V (AV-FITC). DNA content was determined on a fluorescence-activated cell sorter (FACSCalibur™; BD, Franklin Lakes, NJ, USA). The cells undergoing apoptosis were represented by the ratio of AV-positive cells and PI-positive cells.

Results and discussion
======================

Physicochemical properties of NPs
---------------------------------

The particle size and polydispersity of 5-FU-loaded BSA-LTB NPs in deionized water were determined by dynamic light scattering. The mean hydrodynamic diameter was 254±19 nm and polydispersity was 0.15±0.06 for BSA-LTB NPs. The mean zeta potential of NPs was −19.95±0.94 mV, revealing a negative surface of the NPs. [Figure 3](#f3-ijn-9-2149){ref-type="fig"} shows that the 5-FU-loaded BSA-LTB NPs were also monodispersed spheres and the 5-FU encapsulation efficiency was 80.1%.

In vitro drug release study
---------------------------

The in vitro drug release profiles of BSA-LTB NPs in media with different pH were compared and results are shown in [Figure 4](#f4-ijn-9-2149){ref-type="fig"}. The in vitro release of 5-FU from BSA-LTB NPs was biphasic, ie, an initial burst release was followed by a slower constant release. The total accumulative amount of drug released from NPs within 48 hours in media of different pH was less than 40%. This is likely because 5-FU is a hydrophobic drug that is prone to separate and precipitate inside the NPs, thereby reducing the rate of drug release. When 5-FU-loaded BSA-LTB NPs were incubated with medium at pH 7.4, rapid release was observed between 0 and 4 hours, which was followed by a cumulative release of 17.9%, due to the diffusion of surface 5-FU into the solution. A smooth, slow-release process occurred between 4 and 48 hours. The release ratio during the first 48 hours accounted for over 38.7% of the total drug, and the surplus was released over a longer incubation time.[@b34-ijn-9-2149],[@b35-ijn-9-2149] The release rate of 5-FU from the core of NPs mainly depended on the solubility of the drug in the release medium and diffusion rate. Moreover, the increase of release rate from 33.2% in pH 5.6 to 38.7% in pH 7.4 over 48 hours is attributed to higher solubility of 5-FU in alkaline solution than in acidic solution.

In vitro cellular uptake
------------------------

The internalization of FITC-labeled NPs into SMMC-7721 cells was observed using fluorescent microscopy and quantified by the microplate reader. We found that FITC-labeled BSA-LTB NPs significantly enhanced the internalization of NPs into cells compared with FITC-labeled BSA NPs. As shown in [Figure 5A](#f5-ijn-9-2149){ref-type="fig"}, both FITC-labeled BSA and BSA-LTB NPs accumulated in the cytoplasm when incubated with SMMC-7721 for 6 hours. However, cells treated with FITC-labeled BSA-LTB NPs showed an increased fluorescent intensity compared with cells treated with BSA NPs, suggesting that FITC-labeled BSA-LTB NPs may be internalized more efficiently than BSA NPs. To further study the endocytosis mechanism, the internalization of NPs into cells was evaluated by determining the fluorescent intensity difference between the initially added NPs and the NPs internalized in cells. Relative fluorescent ratio (RFR%) was calculated using the equation below:
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where *FI~total~* is the fluorescent intensity of the initially added FITC--NPs and *FI~internalized~* is the fluorescent intensity of FITC--NPs internalized in cells.

Fluorescence spectrum analysis ([Figure 5B](#f5-ijn-9-2149){ref-type="fig"}) revealed that both NPs showed concentration-dependent properties on the intracellular uptake. FITC-labeled BSA-LTB NPs showed higher intracellular FITC concentration than FITC-labeled BSA NPs, indicating that the addition of LTB could significantly improve the tumor cell uptakes of NPs. To sum up, during initial contact with cells, LTB in NPs might bind to GM1 in lipid raft to form GM1--lipid membrane complexes localized at the outer leaflet of the cell membrane, meaning that NPs are internalized into cells rapidly. To investigate the competing effects of LTB on the cellular internalization of BSA-LTB NPs, cells were incubated with FITC-labeled BSA NPs and BSA-LTB NPs, respectively, in media containing different concentrations of free LTB for 6 hours at 37°C. An LTB competing study on the intracellular uptake also further proved that active transportation of BSA-LTB NPs into cells was inhibited with increasing addition of free LTB in medium ([Figure 5C](#f5-ijn-9-2149){ref-type="fig"}). In contrast, the addition of free LTB in medium led to no obvious improving effects on the internalization of BSA NPs.

Cellular viability study
------------------------

The cytotoxic effect of free 5-FU, 5-FU-BSA NPs, and 5-FU-loaded BSA-LTB NPs against SMMC-7721 cells was estimated in vitro by MTT assay. Cells were treated with various concentrations of 5-FU ranging from 3.75--30 μg/mL. As shown in [Figure 6](#f6-ijn-9-2149){ref-type="fig"}, treatment of SMMC-7721 cells with 5-FU-loaded BSA-LTB NPs caused a significant decrease in the cell viability at 24, 48, and 72 hours compared with that of 5-FU-loaded BSA NPs. The 50% of maximal inhibitory concentration (IC~50~) values in cells treated with 5-FU-loaded BSA-LTB NPs were 23 μg/mL at 48 hours and 15.3 μg/mL at 72 hours compared with 30 μg/mL at 48 hours and 21.7 μg/mL at 72 hours in cells treated with 5-FU-loaded BSA NPs. Neither 5-FU-loaded BSA-LTB nor BSA NPs had any obvious cytotoxic effects on SMMC-7721 cells at 24 hours. By contrast, the IC~50~ values of free 5-FU were 18.5 μg/mL at 48 hours and 14.7 μg/mL at 72 hours. 5-FU also had no obvious cytotoxic effects on SMMC-7221 cells at 24 hours.

Cell apoptosis and necrosis
---------------------------

To further analyze the apoptosis of SMMC-7721 cells induced by free 5-FU, 5-FU-loaded BSA NPs, and 5-FU-loaded BSA-LTB NPs, Annexin V-FITC/PI staining assay was performed and the apoptotic and necrotic cells were quantified by flow cytometry. The percentages of early apoptotic, late apoptotic, necrotic, and live cells are shown in [Figure 7](#f7-ijn-9-2149){ref-type="fig"}. Flow cytometry analysis revealed that the ratio of AV-positive and PI-positive cells treated with 5-FU-BSA-LTB NPs was 36.1%, compared with that of free 5-FU-treated cells (46.9%). It is worth noting that the ratio of AV-positive and PI-positive fractions in cells treated with 5-FU-loaded BSA-LTB NPs was markedly higher than that in cells treated with 5-FU-BSA NPs (18.1%). The results of flow cytometry were consistent with the MTT results.

Conclusion
==========

LTB as a targeting group was successfully blended with BSA to prepare the biocompatible NPs for cancer therapy. BSA-LTB NPs showed good monodispersity, negative charge, and homogeneous particle size. The encapsulating efficiency of 5-FU and the release pattern were investigated in vitro. MTT assay showed that BSA-LTB NPs exhibited higher cytotoxic activity than non-targeted ones (BSA NPs) in SMMC-7721 cells. Fluorescent imaging results proved that, compared with BSA NPs, BSA-LTB NPs could greatly enhance cellular uptake. These results suggest that BSA-LTB NPs may be a promising active tumor-targeting carrier candidate via LTB mediation.
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![Schematic formation of 5-FU-loaded BSA-LTB nanoparticles.\
**Abbreviations:** 5-FU, 5-fluorouracil; BSA, bovine serum albumin; LTB, heat-labile enterotoxin subunit B.](ijn-9-2149Fig1){#f1-ijn-9-2149}

![Fluorescence microscope images of identification of LTB with immunofluorescence.\
**Notes:** (**A**) BSA-LTB nanoparticles; (**B**) BSA nanoparticles.\
**Abbreviations:** BSA, bovine serum albumin; LTB, heat-labile enterotoxin subunit B.](ijn-9-2149Fig2){#f2-ijn-9-2149}

![Morphological shapes (**A**) and particle sizes (**B**) of 5-FU-loaded BSA-LTB nanoparticles.\
**Abbreviations:** 5-FU, 5-fluorouracil; BSA, bovine serum albumin; LTB, heat-labile enterotoxin subunit B.](ijn-9-2149Fig3){#f3-ijn-9-2149}

![In vitro release profile of BSA-LTB nanoparticles in phosphate-buffered saline (pH 5.4 and pH 7.4 at 37°C) for 48 hours.\
**Note:** Data are expressed as the mean ± standard deviation (n=3).\
**Abbreviations:** BSA, bovine serum albumin; LTB, heat-labile enterotoxin subunit B.](ijn-9-2149Fig4){#f4-ijn-9-2149}

![In vitro uptake ability of NPs.\
**Notes:** Fluorescent microscopy analysis of the uptake of FITC-labeled BSA NPs and FITC-labeled BSA-LTB NPs in SMMC-7721 cells. The scale bar is 50 μm (**A**). Fluorescence spectrum analysis of the uptake of FITC-labeled BSA NPs and FITC-labeled BSA-LTB NPs in SMMC-7721 cells (n=3, \**P*\<0.05, versus the corresponding BSA NPs) (**B**). Fluorescence spectrum analysis of the uptake of NPs labeled by FITC incubated with SMMC-7721 cells for 6 hours in media containing different amounts of free LTB (n=3, \**P*\<0.05, versus the corresponding NP groups in media containing 5 μg/mL of LTB) (**C**).\
**Abbreviations:** BSA, bovine serum albumin; FITC, fluorescein isothiocyanate; LTB, heat-labile enterotoxin subunit B; NP, nanoparticle.](ijn-9-2149Fig5){#f5-ijn-9-2149}

![Viability of cells after incubation with either free 5-FU, 5-FU-loaded BSANPs, or 5-FU-loaded BSA-LTB NPs, at various 5-FU concentrations (3.75--30 μg/mL).\
**Notes:** (**A**) After 24 hours; (**B**) after 48 hours; (**C**) after 72 hours (n=3)\
**Abbreviations:** 5-FU, 5-fluorouracil; BSA, bovine serum albumin; LTB, heat-labile enterotoxin subunit B; NPs, nanoparticles.](ijn-9-2149Fig6){#f6-ijn-9-2149}

![Cell apoptosis determined by Annexin V-FITC staining.\
**Notes:** Flow cytometer analysis of the apoptotic and necrotic cells (Q1: necrotic; Q2: late apoptotic; Q3: live; Q4: early apoptotic) after 48 hours of incubation with the free 5-FU, 5-FU-loaded BSA NPs, and 5-FU-loaded BSA-LTB NPs, respectively. Results are expressed as means ± standard deviation (n=3).\
**Abbreviations:** 5-FU, 5-fluorouracil; BSA, bovine serum albumin; FITC, fluorescein isothiocyanate; LTB, heat-labile enterotoxin subunit B; NPs, nanoparticles; PI, propidium iodide.](ijn-9-2149Fig7){#f7-ijn-9-2149}
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